Introduction {#s1}
============

Sitagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor, improves blood glucose control by enhancing insulin secretion and inhibiting glucagon secretion in a blood glucose level-dependent manner via inhibition of GLP-1 inactivation and an action mediated by the DPP-4 substrate \[[@R01], [@R02]\]. This agent permits a once-daily regimen, is associated with a low risk of hypoglycemia and weight gain \[[@R03]\], and lowers glycated hemoglobin (HbA1c) levels. Therefore, it has been widely used, not only as monotherapy but also as combination therapy with pioglitazone, metformin, voglibose, sulfonylureas, and other anti-diabetic agents \[[@R04]-[@R07]\].

Sitagliptin is renally excreted, hence dose adjustment should be considered in patients with diabetes mellitus and concomitant moderate or severe chronic kidney disease or end-stage renal disease requiring dialysis, in addition to considering the patient's tolerability to sitagliptin and the effects of sitagliptin on renal function \[[@R08], [@R9]\]. However, renal impairment may be undetected in patients with diabetes. In a retrospective database analysis, Meyers et al reported that patients with an estimated glomerular filtration rate (eGFR) of \< 60 mL/min/1.73 m^2^ accounted for 35.2% of 344,770 patients with type 2 diabetes mellitus (T2DM) \[[@R10]\]. Moreover, the Japanese Society for Dialysis Therapy reported that among 320,448 patients who were undergoing dialysis, 43.5% had diabetic nephropathy as primary disease \[[@R11]\], showing the need for appropriate treatment of diabetes that takes into consideration effects on renal function.

The effects of sitagliptin on renal function have been studied using eGFR and urinary albumin-to-creatinine ratio (UACR) as indices. In the study by Kawasaki et al sitagliptin was administered to patients with diabetic nephropathy and UACRs were decreased significantly after 3 months of sitagliptin therapy in patients with UACR 30 - 299 or ≥ 300 mg/g Cre at baseline \[[@R12]\]. In addition, in a study of 4 years' administration of sitagliptin in elderly patients, eGFR tended to increase, although the difference from baseline was not significant \[[@R13]\]. Chan et al reported that in patients with a creatinine clearance of \< 50 mL/min, UACR tended to decrease after 54 weeks of sitagliptin administration \[[@R14]\]. The aforementioned patients with reduced renal function generally showed a tendency for improvement; however, the results were not consistent when patients with normal renal function were considered. Mori et al reported a significant improvement in UACR after 6 months of sitagliptin therapy \[[@R15]\]. In contrast, in the Trial Evaluating Cardiovascular Outcomes with Sitagliptin (TECOS), eGFRs were significantly decreased 4 years after initiation of sitagliptin therapy, in the same manner as in those who received placebo \[[@R16]\]. In a Study of Safety and Efficacy of DPP-4 inhibitor in the Treatment of type 2 diabetes in Kanagawa (ASSET-K study), serum creatinine levels were increased significantly after 1 month of sitagliptin therapy \[[@R17]\].

The TECOS and ASSET-K studies are relatively large-scale studies in which significant differences are more likely to be detected. These studies did not conduct a stratified analysis; thus, their results could not determine the effects of sitagliptin in patients with reduced renal function. In this regard, we thought it necessary to determine the actual effects of sitagliptin by conducting a stratified analysis of its effects on renal function in a population that includes diabetic patients with normal renal function.

In this study, we used follow-up data obtained 1 year after initiation of sitagliptin therapy from the JAMP study, a prospective observational study \[[@R18]\]. In this sub-analysis of the JAMP study, we performed an exploratory analysis involving stratification to examine the association between sitagliptin administration and changes in renal function.

Materials and Methods {#s2}
=====================

Study design {#s2a}
------------

This open-label, central registration, multicenter, prospective observational study was conducted at the Tokyo Women's Medical University Hospital and 69 collaborating institutions in Japan. Patients were enrolled from January 2011 to June 2013, and followed up until June 2014. This study was conducted in accordance with the study protocol, the Declaration of Helsinki, and the Ministry of Health, Labour and Welfare of Japan (MHLW) "Ethical Guidelines for Clinical Studies".

Study subjects {#s2b}
--------------

Study subjects were male or female, aged ≥ 20 years, and outpatients with T2DM and poorly controlled blood glucose levels for at least 1 month despite diet/exercise therapy alone or in combination with anti-diabetic therapy. Before participation, all patients provided written informed consent.

The anti-diabetic drugs used were sitagliptin, low-dose glimepiride (0.5 - 1 mg), medium-dose glimepiride (1.5 - 2 mg), biguanides, thiazolidines, α-glucosidase inhibitors, or two or more of these drugs in combination. The criterion for inadequate blood glucose control was set at: HbA1c ≥ 6.9% or fasting blood glucose 130 mg/dL \[[@R19]\].

Patients who met any of the following criteria were excluded from the study: 1) history of severe ketosis, diabetic coma or pre-coma within the past 6 months; 2) severe infection before or after surgical treatment, or serious external injury; 3) pregnancy, possible pregnancy, or lactation; 4) moderate renal impairment (serum creatinine level ≥ 1.5 mg/dL in men and ≥ 1.3 mg/dL in women); 5) on insulin therapy; 6) receiving rapid-acting insulin secretagogues; 7) history of allergy to the ingredients of the study drug; and 8) a medical reason that makes the patient unsuitable for participation in the study as judged by the investigator.

Methods {#s2c}
-------

The pre-existing therapy for type 2 diabetes was not changed during the observation period and entire study period (for the first 3 months after add-on sitagliptin). Thereafter, sitagliptin (50 mg) was administered once daily as a first-line treatment (single-drug therapy) or as an additional treatment (combination therapy; [Fig. 1](#F1){ref-type="fig"}). During the 3-month period following the initiation of sitagliptin treatment (baseline), administration of sitagliptin was continued without the addition of any other drugs or increase in dose. At 3 months, the sitagliptin dose was increased from 50 to 100 mg/day and other antidiabetic drugs were added, changed or discontinued at the investigator's discretion. No restrictions were imposed on the use of drugs for treating concurrent diseases, but change in dose or the addition of new drugs during the study period was avoided whenever possible.

![Study design. \*1: criteria for inadequate blood glucose control: HbA1c level ≥ 6.9% or fasting blood glucose level ≥ 130 mg/dL. \*2: specific investigational tests (optional): GA, 1.5AG, C-peptide, and proinsulin-to-insulin ratio.](jocmr-10-032-g001){#F1}

Evaluation {#s2d}
----------

Any associations of sitagliptin with changes in renal function were evaluated through assessment of: 1) change in eGFR at 3 and 12 months from baseline; 2) changes in eGFR and HbA1c levels at 3 and 12 months from baseline in patients classified into four groups according to baseline eGFR: ≥ 30 to \< 45, ≥ 45 to \< 60, ≥ 60 to \< 90, or ≥ 90 mL/min/1.73 m^2^; 3) change in UACR at 3 and 12 months from baseline in patients with a baseline UACR ≥ 30 mg/g Cre; and 4) multivariate analysis of factors that influenced change in eGFR at 3 months from baseline.

Statistical analysis {#s2e}
--------------------

Changes in eGFR and HbA1c levels were evaluated using the paired *t*-test. Differences in changes in eGFR and HbA1c levels between the groups of patients stratified according to baseline eGFR were evaluated by ANOVA. Changes in UACRs were evaluated using the Wilcoxon signed-rank test. As for factors that might influence the change in eGFR at 3 months from baseline, we performed a single regression analysis of age, sex, duration of T2DM, use of antihypertensive drugs, treatment with angiotensin-converting enzyme inhibitors (ACEI) or angiotensin II receptor blockers (ARB), baseline HbA1c, eGFR, and systolic blood pressure (SBP), change in HbA1c, change in SBP, and change in UACR. Subsequently, variables associated with changes in eGFRs in the single regression analysis were evaluated using multiple regression analysis.

The significance level was set at 5% (two-sided). The JMP software program version 12.1.0 (SAS Institute Inc., Cary, NC, USA) was used for statistical analysis processing. The results of the analysis of UACRs are presented in the text as median (first quartile and third quartile). Other continuous variables are presented as mean ± standard deviation (SD), and the nominal scale is the number (%) of patients. The units used for eGFR and UACR are mL/min/1.73 m^2^ and mg/g Cre, respectively.

Ethic approval and consent to participate {#s2f}
-----------------------------------------

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964 and later versions. The ethics committee at the Tokyo Women's Medical University approved the study (approval number: 2064) on January 11, 2011. Informed consent or substitute for it was obtained from all patients for being included in the study.

Results {#s3}
=======

Of the 779 patients with T2DM enrolled, 651 were included in the efficacy analysis ([Fig. 2](#F2){ref-type="fig"}). [Table 1](#T1){ref-type="table"} shows the demographic characteristics of the 651 patients who underwent efficacy evaluation in the JAMP study. The mean age of the patients was 63.8 ± 11.8 years, 434 were men (66.7%), and mean disease duration was 8.8 ± 6.7 years.

![Participant flow in the study.](jocmr-10-032-g002){#F2}

###### Clinical Characteristics of Study Patients (n = 651)

  Parameter                       Mean ± SD or n (%)   Parameter                              Mean ± SD or n (%)
  ------------------------------- -------------------- -------------------------------------- --------------------
  Age (years)                     63.8 ± 11.8          Arteriosclerosis obliterans            55 (8.4)
  Sex (male %)                    434 (66.7)           Atrial fibrillation                    16 (2.5)
  BMI (kg/m^2^)                   25.2 ± 4.2           Renal disease                          49 (7.5)
  Duration of T2DM (years)        8.8 ± 6.7            Hepatic disease                        56 (8.6)
  Abdominal circumference (cm)    88.3 ± 11.1          Myocardial infarction                  18 (2.8)
  HbA1c (%)                       7.86 ± 1.07          Cerebral stroke                        45 (6.9)
  Fasting blood glucose (mg/dL)   159.2 ± 41.5         Angina pectoris                        27 (4.1)
  HOMA-IR                         2.83 ± 1.80          Cardiac failure                        11 (1.7)
  HOMA-β (%)                      32.1 ± 27.1          Myocardial infarction                  18 (2.8)
  C-peptide (ng/mL)               2.10 ± 0.89          Diet/exercise therapy                  189 (29)
  SBP (mm Hg)                     130.9 ± 14.9         Low-dose glimepiride 0.5 - 1.0 mg      72 (11.1)
  DBP (mm Hg)                     76.5 ± 10.5          Medium-dose glimepiride 1.5 - 2.0 mg   50 (7.7)
  Hypertension                    393 (60.4)           Biguanide                              99 (15.2)
  Dyslipidemia                    417 (64.1)           Thiazolidine                           38 (5.8)
  Hyperuricemia                   65 (10)              α-GI                                   18 (2.8)
  Retinopathy                     48 (7.4)             Multiple-drug co-administration        185 (28.4)

Data are represented as the mean ± SD or n (%). BMI: body mass index; T2DM: type 2 diabetes mellitus; HbA1c: glycated hemoglobin; HOMA-IR: homeostatic model assessment for insulin resistance; HOMA-β: homeostatic model assessment for β-cell function; SBP: systolic blood pressure; DBP: diastolic blood pressure; α-GI: α-glucosidase inhibitor.

In 491 patients who were followed up for 12 months, eGFR declined from 78.1 ± 18.4 at baseline to 75.4 ± 18.1 and 74.2 ± 17.8 at 3 and 12 months, respectively, both showing a significant decrease from the baseline value (P \< 0.05).

[Figure 3](#F3){ref-type="fig"} shows the changes in eGFR at 3 and 12 months in the four groups classified according to eGFR at baseline. A significant decrease in eGFR at 3 and 12 months from baseline values was observed in patients with a baseline eGFR of ≥ 90 and those with a baseline eGFR of ≥ 60 to \< 90. On the other hand, patients with a baseline eGFR of ≥ 45 to \< 60 or ≥ 30 to \< 45 showed no significant difference from baseline but eGFR showed a tendency to increase in these groups at both 3 and 12 months. Regardless of the eGFR at baseline, HbA1c levels were decreased significantly at 3 and 12 months in all the patient groups ([Fig. 4](#F4){ref-type="fig"}).

![Changes in eGFR (categorized by baseline eGFR). (a) \*P \< 0.05 vs. 0 M paired *t*-test. (b) Values presented are mean ± SD.](jocmr-10-032-g003){#F3}

![Changes in HbA1c (categorized by baseline eGFR). (a) eGFR: estimated glomerular filtration rate. \*P \< 0.05 vs. baseline, paired *t*-test. (b) Values presented are mean ± SD. N.S. ANOVA.](jocmr-10-032-g004){#F4}

Median UACR (of patients with baseline UACR ≥ 30 mg/g Cre) ranged from 61.5 (41.8, 143.8) at baseline to 45.3 (24.4, 132.05) at 3 months and 52.1 (20.5, 130.35) at 12 months. Compared with baseline, UACR at 3 months was statistically significantly lower (P \< 0.05), but the difference at 12 months did not reach statistical significance ([Fig. 5](#F5){ref-type="fig"}).

![Change in UACR of patients (n = 53) with a baseline UACR ≥ 30 mg/g Cre. Data are first, second, third quartile. Change at: 3 months: -21.6 (-46.8, 7.8); 12 months: -17.1 (-39.8, 23.8). †P \< 0.05 vs. baseline, Wilcoxon signed rank test.](jocmr-10-032-g005){#F5}

[Table 2](#T2){ref-type="table"} shows the results of the evaluation of factors that may have influenced changes from baseline in eGFR at 3 months. Single regression analysis showed that eGFR at baseline, change in UACR, and change in HbA1c levels influenced the change in eGFR. Multiple regression analysis of these factors and two other factors with P values of \< 0.2, i.e., change in SBP and use of concomitant antihypertensive drugs, showed that the higher the eGFR at baseline and the greater the decline in UACR, the more conspicuous the decrease in eGFR.

###### Single and Multiple Regression Analyses of Change in eGFR From Baseline to 3 Months

  Independent variables   Single regression analysis   Multiple regression analysis                                                     
  ----------------------- ---------------------------- ------------------------------ -------- ------------- -------- -------- -------- -------------
  Age                     -0.008                       -0.072                         0.056    0.802                                    
  Sex (male)              0.682                        -0.915                         2.279    0.402                                    
  Duration of T2DM        -0.003                       -0.012                         0.006    0.512                                    
  Anti-hypertensive       -1.017                       -2.524                         0.490    0.185         -1.519   -3.545   0.506    0.141
  With ARB or ACEI        -0.615                       -2.132                         0.901    0.426                                    
  HbA1c_0M                -0.358                       -1.072                         0.356    0.325                                    
  eGFR_0M                 -0.135                       -0.174                         -0.097   \> 0.001^‡^   -0.130   -0.189   -0.072   \> 0.001^§^
  SBP_0M                  -0.016                       -0.067                         0.035    0.539                                    
  ΔHbA1c_3M               1.215                        0.278                          2.153    0.011^‡^      0.867    -0.518   2.251    0.218
  ΔSBP_3M                 -0.035                       -0.086                         0.016    0.182         -0.024   -0.094   0.046    0.506
  ΔUACR_3M                0.005                        \> 0.001                       0.011    0.046^‡^      0.005    0.000    0.010    0.040^§^

T2DM: type 2 diabetes mellitus; ARB: angiotensin II receptor blocker; ACEI: angiotensin converting enzyme inhibitor; HbA1c: glycated hemoglobin; M: month; eGFR: estimated glomerular filtration rate; Δ: change in; UACR: urinary albumin-to-creatinine ratio. ^‡^P \< 0.05 single regression analysis. ^§^P \< 0.05 multiple regression analysis.

Discussion {#s4}
==========

In patients with high eGFRs at baseline, eGFRs were decreased significantly after 3 months of sitagliptin therapy. In contrast, in patients with low eGFRs at baseline, eGFRs tended to increase after 3 months of sitagliptin therapy. Similar to previous large-scale clinical studies \[[@R16]\], eGFRs in the present study were significantly decreased in the overall patient population. However, we could not conclude that sitagliptin caused further deterioration of renal function in patients with reduced renal function.

In patients with UACRs of ≥ 30 mg/g Cre at baseline, UACRs were decreased significantly after 3 months of therapy, which suggests that renal function might have improved. Takihata et al also reported a significant improvement in UACR after 24 weeks of sitagliptin therapy, although a significant decline in eGFR was observed \[[@R20]\], supporting the results of the present study.

Multiple regression analysis revealed that the higher the eGFR at baseline and the greater the improvement in UACR at 3 months, the greater the decrease in eGFR. This finding suggests a correlation between decreased urinary protein levels and decreased eGFR.

The decreased eGFR may be explained by the following: improvement of osmotic diuresis in addition to improvement in blood glucose levels; elimination of hyperfiltration; and a direct effect of sitagliptin outside the pancreas. As the kidney has many GLP-1 receptors and expresses DPP-4, DPP-4 inhibitors are expected to exert a direct renoprotective effect. A study in hypertensive rats showed that Na excretion was facilitated by inhibition of NHE3 activity by sitagliptin \[[@R21]\]. Enhanced Na excretion by the inhibition of NHE3 activity was also demonstrated in a basic research study on GLP-1 agonists \[[@R22]\]. As in human subjects, administration of GLP-1 was reported to increase Na excretion and lower glomerular filtration rate in obese men \[[@R23]\]. Correction of excessive filtration by sitagliptin-induced enhancement of Na excretion could be an underlying factor in the decline in eGFR in this study.

Although the follow-up period was only 1 year in this study, results of long-term administration have been reported in other studies. According to Maeda et al, serum creatinine levels were significantly increased after 1 month of sitagliptin therapy, creatinine levels remained high until after 24 months, and were significantly different from baseline values. Serum creatinine levels showed no further significant increase after 6 months and remained on a plateau until after 24 months \[[@R17]\]. The results of the TECOS study showed a change in eGFR of -4.0 ± 18.4 mL/min/1.73 m^2^ at 4 years, indicating that prolonged administration does not cause an excessive decrease in glomerular filtration rates.

Currently, a number of DPP-4 inhibitors are available. As most of these are renally excreted, the safety of linagliptin administration \[[@R24]\], which is excreted via the biliary pathway, is attracting attention in the context of patients with reduced renal function, such as elderly patients. However, the results of the present sub-analysis of the JAMP study showed that the use of sitagliptin was not associated with deterioration of renal function in the patients with eGFRs ≥ 30 mL/min/1.73 m^2^. Studies in patients with renal failure also demonstrated the efficacy and safety of sitagliptin administration \[[@R14], [@R25]\]. Nevertheless, because no study has directly compared the effects of anti-diabetic drugs on the development and progression of diabetic nephropathy, prevention of the development and progression of diabetic nephropathy requires initiation of strict blood glucose control at an early stage, regardless of the type of hypoglycemic drug used \[[@R26]-[@R28]\].

In this study, subjects were divided into four groups according to baseline eGFR. These groups were compared regarding changes in HbA1c levels. In all the groups, a significant decrease in HbA1c levels from baseline was observed after 3 months of treatment; however, no significant between-group difference in change in HbA1c levels was observed. This suggests that sitagliptin administration, which can improve the status of blood glucose control regardless of eGFR, provides a useful option for inhibiting the development and progression of diabetic nephropathy.

Study limitations {#s4a}
-----------------

The JAMP study was a single-arm study, so we could not compare the subject with the control group. The study was initiated before the approval of sitagliptin therapy for patients with decreased renal function; thus, patients with moderate renal dysfunction were not included in the present study. Therefore, the effect of sitagliptin administration on renal indices in patients with moderate to severe renal dysfunction cannot be discussed based on the results of this study. In addition, UACR was not examined in all patients. Furthermore, change of concomitant drugs might have affected the results after 3 months of treatment; therefore, the results obtained at 12 months may not reflect an association with sitagliptin alone.

Conclusion {#s4b}
----------

Although sitagliptin administration was associated with a decrease in eGFR in patients with high eGFR, such a decrease was not excessive in patients with low baseline eGFR. Regardless of the eGFR at baseline, sitagliptin administration improved HbA1c levels in patients in this study. Sitagliptin therapy, which corrects osmotic diuresis and excessive filtration due to hyperglycemia and improves HbA1c levels, is a useful treatment option for patients with diabetes, with consideration for its influence on renal function.
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